We report ab initio calculations for the interface energetics of a weakly adsorbed organic molecule on a metal surface, which serves as a model interface relevant for organic electronics. The studied thiophene ring is found to be physisorbed on the Cu(110) surface with an adsorption energy of ÿ0:50 eV. Nonlocal correlations, i.e., van der Waals interactions, are solely responsible for the binding in this weakly interacting system, and the choice of the proper exchange-correlation function is crucially important. The adsorption of thiophene lowers the metal work function due to the formation of surface dipoles while no sizable charge transfer is found. DOI: 10.1103/PhysRevLett.99.176401 PACS numbers: 73.20.ÿr, 68.43.Bc, 71.15.Mb Organic semiconductors based on short -conjugated molecules, e.g., oligo-thiophenes, are promising candidates for a number of opto-electronic devices, such as organic light emitting diodes (OLEDs) or organic field effect transistors (OFETs) [1] [2] [3] . These organic semiconductors have been widely studied both experimentally [4, 5] and theoretically [6 -9], giving considerable insight into the intrinsic electronic and optical properties of the active organic layers. The operation of a device like an OLED or OFET is, however, also crucially determined by the interface between a metal electrode and the organic semiconductor. The charge carrier injection from the electrode into the organic material depends on the alignment of the electronic levels. Moreover, the interactions between the organic molecule and the metal surface determine the molecular order at the interface and the film growth. Previous ab initio studies within the framework of density functional theory (DFT) on organic-metal interfaces focused on strongly bound (chemisorbed) thiols on gold [10, 11] or dealt with the adsorption of benzene and thiophene on the highly reactive nickel surface [12, 13] . Recently, the adsorption of the large -conjugated molecule PTCDA on the Ag(111) surface has also been investigated [14 -16]. The reported adsorption energies are contrasting each other, and the discrepancy between the calculated and the experimental molecule-metal distance provides a challenge for DFT to describe the physics of such systems properly. In fact, all these studies relied on standard approximations for the exchange-correlation (XC) energy which are known to lack van der Waals (vdW) interactions. The commonly used generalized gradient approximations (GGAs) are known to fail for bonding in sparse matter where long-range dispersion forces are dominant. For these cases, they yield too small binding energies or no binding at all. Interestingly enough, the simpler local density approximation (LDA) can seemingly improve the binding properties in these weakly interacting systems, however, for the wrong physical reason. The wellknown overbinding mimics a compensation of the missing vdW interactions.
Organic semiconductors based on short -conjugated molecules, e.g., oligo-thiophenes, are promising candidates for a number of opto-electronic devices, such as organic light emitting diodes (OLEDs) or organic field effect transistors (OFETs) [1] [2] [3] . These organic semiconductors have been widely studied both experimentally [4, 5] and theoretically [6 -9] , giving considerable insight into the intrinsic electronic and optical properties of the active organic layers. The operation of a device like an OLED or OFET is, however, also crucially determined by the interface between a metal electrode and the organic semiconductor. The charge carrier injection from the electrode into the organic material depends on the alignment of the electronic levels. Moreover, the interactions between the organic molecule and the metal surface determine the molecular order at the interface and the film growth. Previous ab initio studies within the framework of density functional theory (DFT) on organic-metal interfaces focused on strongly bound (chemisorbed) thiols on gold [10, 11] or dealt with the adsorption of benzene and thiophene on the highly reactive nickel surface [12, 13] . Recently, the adsorption of the large -conjugated molecule PTCDA on the Ag(111) surface has also been investigated [14 -16] . The reported adsorption energies are contrasting each other, and the discrepancy between the calculated and the experimental molecule-metal distance provides a challenge for DFT to describe the physics of such systems properly. In fact, all these studies relied on standard approximations for the exchange-correlation (XC) energy which are known to lack van der Waals (vdW) interactions. The commonly used generalized gradient approximations (GGAs) are known to fail for bonding in sparse matter where long-range dispersion forces are dominant. For these cases, they yield too small binding energies or no binding at all. Interestingly enough, the simpler local density approximation (LDA) can seemingly improve the binding properties in these weakly interacting systems, however, for the wrong physical reason. The wellknown overbinding mimics a compensation of the missing vdW interactions.
Rydberg et al. developed a truly nonlocal correlation functional for layered structures which correctly accounts for the vdW interactions as demonstrated for the attraction between two adjacent graphene sheets in graphite [17] for which the standard GGAs give no binding. Dion and coworkers generalized this vdW density functional approach to general geometries by making use of a seamless vdW interaction kernel giving results in excellent agreement with experiments and wave function based computations for noble gas and benzene dimers [18] . Recently, the same approach has also been applied to extended systems yielding promising results for the adsorption energy of benzene and naphthalene on a graphene layer [19] and to the adsorption of phenol on graphite(0001) and -Al 2 O 3 0001 [20] . The latter showed that the dispersion forces give the crucial (phenol on graphite) or at least a substantial [phenol on -Al 2 O 3 0001] contribution, respectively, to the total adsorption energy. The approach can also prove important in describing the binding in weakly bound organic molecule-metal systems. Thus, with the aim of determining the role of vdW interactions in the interface energetics and understanding the adsorption mechanism of organic-metal junctions, we investigate a model interface consisting of a thiophene ring (1T) adsorbed at the Cu(110) surface. By applying a van der Waals density functional (vdW-DF) [18] , we demonstrate that for such a weakly bound system, the adsorption is caused by nonlocal correlations, where the adsorption energy is drastically increased compared to commonly used GGAs for the XC energy. We find no net charge transfer from the molecule to the surface, while the formation of a series of surface dipoles lowers the metal work function.
All the calculations presented in this Letter were performed using the projector augmented wave (PAW) method as implemented in the original PAW code [21] . The equi-librium bulk lattice constant a of copper was obtained by 'Perdew-Burke-Ernzerhof (PBE) GGA [22] to be 3.65 Å , which overestimates the experimental value of 3.615 Å by only 1%. The adsorption of 1T on the Cu(110) surface was modeled using a repeated slab approach where the Cu(110) surface contains five copper layers. Only the topmost copper layer and the molecule were allowed to relax. The geometry of the four bottom Cu layers was taken from the relaxed and converged structure of the clean Cu(110) surface consisting of nine layers. The most favorable adsorption site was determined by varying the position and orientation of the thiophene molecule on the Cu(110) surface using a Car-Parinello molecular dynamics approach. It was found that the adsorption site and orientation is not sensitive to the underlying geometry. More details regarding relaxation and optimization will be described in a forthcoming paper [23] .
Side and top views of the adsorption geometry are depicted in Fig. 1 . The lateral dimensions are given by 2a and 3a= 2 p , respectively, while the slab contained a vacuum region of 10 Å [24] . A plane wave cutoff of 30 Ry and a 3 3 1 k-point sampling was used which is equivalent to a 6 9 1 grid in the primitive surface cell. Figure 1 (left) shows the side view of the most favorable adsorption geometry resulting from the PBE-GGA. The shortest distance between the molecule and the surface was obtained as 2.41 Å , and the molecule was found to be almost parallel to the surface.
We analyze the electronic structure at the metal/molecule interface by evaluating the charge density difference as well as the electrostatic potential in Fig. 2 (top) . The charge density difference diff is defined as diff ÿ 1T Cu110 , where denotes the charge density of thiophene adsorbed on Cu(110) while 1T and Cu110 , respectively, represent the charge density of the isolated molecule and the clean Cu(110) slab in the interacting system. The density and the electrostatic potential are averaged in planes parallel to the Cu(110) slab leading to the one-dimensional potential curve. We notice that the interaction gives rise to a formation of a series of surface dipoles, i.e., alternating regions of charge accumulation ( diff > 0) and charge depletion ( diff < 0) while almost zero total charge transfer from the molecule to the metal or vice versa is found [25] . From the three-dimensional representation of diff as given in Fig. 2 (bottom) , we observe that the strongest dipole is formed along the shortest S-Cu bond, but there are also sizable surface dipoles along the C 4 -Cu and H 4 -Cu bonds. This formation of dipoles is responsible for the reduction of the metal work function upon molecular adsorption, similar to the situation found in Ref. [10] . The work function of the Cu(110) face Cu is computed to be 4.45 eV which is in excellent agreement with the experimental value of 4:45 0:03 eV [26] , while on the adsorption of the thiophene molecule, it reduces to 3.63 eV, which compares well with the experimental value of 3.65 eV for bithiophene on Cu(110) [24, 27] . The right panel in Fig. 2 (top) compares the partial density of states of the adsorbed 1T ring with that of an isolated ring. We 
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176401-2 find that the highest occupied molecular orbital of the adsorbed molecule lies 3.24 eV below the Fermi energy leading to an ionization potential of 6.16 eV which is slightly larger than that of the isolated 1T molecule (5.84 eV). Molecular states below ÿ9:0 eV remain almost unaffected upon adsorption, while above that energy, they hybridize with Cu states and are considerably smeared out.
In order to elucidate the adsorption energy of this model organic molecule-metal system, several XC functionals are employed. We compare different flavors of GGAfunctionals: (i) the standard GGA in the Perdew-BurkeErnzerhof (PBE) version [22] , (ii) the PW91 [28] , and (iii) the RPBE [29] . The latter differs from the revPBE [30] in its exchange part but gives the same adsorption energies as the revPBE and at the same time fulfills the Lieb-Oxford criterion locally [29] . More importantly, we also utilize the recently developed vdW-DF [18] where the nonlocal part of the correlation energy is taken into account by computing the XC energy in the following way:
For the evaluation of the XC contribution, we use the GGA in the RPBE flavor. The nonlocal correlation energy and the difference between GGA and LDA correlation terms are added in a post-GGA manner, i.e., as a correction term based on the self-consistent electron density obtained from the RPBE XC potential. Utilizing the local correlation energy, E LDA c , ensures that the truly nonlocal correlations appearing in the last term are not doubly counted [18] . Figure 3 compares the adsorption energy of thiophene at the Cu(110) surface, E a d, as a function of the shortest Cu-S distance d for different exchange-correlation functionals. It is calculated according to the definition E a d Ed ÿ E 1T E Cu110 , where Ed is the total energy of the combined system, while E 1T and E Cu110 are the total energies of the thiophene molecule and the Cu(110) surface, respectively. From the minimum of the E a d curve, we find for both, the PBE and the PW91, an adsorption energy of ÿ0:26 eV at an equilibrium distance of roughly 2.4 Å . Note that the RPBE potential, on the other hand, does not lead to any binding at all. Since the RPBE and the PBE potentials only differ in the parameterization of their exchange parts, we conclude that the binding found for the PBE is solely due to its exchange part. This is similar to what has been found for the interaction energy of benzene and noble gas dimers in Ref. [18] . There, it has been argued that the RPBE should be used in combination with the nonlocal correlation energy of Eq. (1) since the RPBE exchange part resembles exact exchange calculations more closely than that of the PBE. We proceed along these lines and use the RPBE version of the GGA exchange in the evaluation of Eq. (1). Upon addition of the nonlocal correlations, we find the equilibrium metal/molecule separation to be increased by 0:4 A with respect to the PBE/ PW91 result [31] , while the adsorption energy is increased to ÿ0:50 eV. This is almost twice the value calculated within the PBE. Moreover, the physical origin for the adsorption is entirely different compared to the binding mechanism suggested by the PBE-GGA. While in the former the molecule is adsorbed exclusively due to nonlocal correlations, i.e., vdW interactions, the latter asserts exchange interactions to be responsible for the binding [32] . Therefore, not only do standard GGA-functionals underestimate the adsorption energy by a factor of 2, but they also provide an incoherent physical picture of the binding mechanism, and a possible success of the GGA in such weakly bound systems remains a mere coincidence. These findings are of relevance not only for weakly adsorbed molecules studied in this Letter, but also for more strongly bonded molecule-metal junctions where a correct treatment of nonlocal correlations is expected to increase the reliability of predictions for the adsorption energy and the molecule-metal distance. Figure 3 also shows that there is almost no dependence of the nonlocal correlation energy on the type of GGA used for obtaining the self-consistent density. In particular, the PBE and the RPBE lead to almost identical charge densities. Therefore, the picture presented in Fig. 2 does not change when replacing PBE by RPBE; i.e., the electronic properties are not sensitive to the choice of the functional. Additionally, various sites and orientations of the thiophene molecule on Cu(110) have been recalculated by the vdW-DF functional leading to only small changes in adsorption site and orientation [31] . It should be noted that the energy differences between such geometries are an order of magnitude smaller than the nonlocal energy contribution. For the sake of completeness, we also mention the equilibrium bond distance (2.26 Å ) and binding energy (ÿ1:16 eV) obtained within the LDA. The LDA considerably overestimates the binding energy while it underesti- mates the metal/molecule distance compared to experimental and vdW-DF data. A similar result is obtained when adding the nonlocal correlations to the PBE energy. Experiments have been performed for 1T on Cu(100) and Cu(111), while no data are available for Cu(110) in terms of adsorption energy and distance. However, calculations by Mittendorfer et al. [12] for benzene on low indexed Ni surfaces have demonstrated that the difference in the adsorption energies corresponding to the (100) and (110) surfaces is around 10 -15%, while the bond distance is hardly affected. Expecting a similar behavior for Cu, we can evaluate our approach by comparing the results with the available experimental data reporting a flat adsorption geometry and Cu-S distances between 2:50 0:02 A [33] and 2:60 0:05 A [34] at Cu(111), while a slightly lower value of 2:43 0:03 A has been found for the adsorption of 1T on the Cu(100) facet [35] . Sexton et al. [36] measured an adsorption energy of ÿ0:63 eV for the monolayer coverage of thiophene on Cu(100), using thermal desorption spectroscopy. Considering all measured data, we can conclude that our results for the adsorption energy and distance for 1T at Cu(110) are in good agreement with available experiments. Although no direct comparison can be made, the best possible XC functional including nonlocal correlations suggests a behavior which is in accordance with experiments performed for 1T on the other Cu surfaces.
In conclusion, we have presented the interface energetics of a model system consisting of thiophene physisorbed on Cu(110). We find the binding to be purely due to vdW interactions. The standard GGAs underestimate the adsorption energy and also provide the wrong physical picture for the binding. On the other hand, electronic properties like charge density, electronic states, and work function are found to be less sensitive to the particular choice of the XC potential. Our results are supported by experimental data for 1T on Cu(100) and Cu(111). Based on these findings, we can conclude that nonlocal correlations should also be crucially important for thin film growth, other surface reactions, as well as catalytic processes.
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